Abstract The Pilosella alpicola group includes four species (P. alpicola s.str., P. ullepitschii, P. rhodopea and P. serbica) with allopatric distributions (Alps, Balkans, Carpathians) and contrasting cytotype patterns (diploid, diploid-polyploid and polyploid species). Whereas diploid taxa (P. ullepitschii and P. serbica) reproduce sexually, the mode of reproduction of polyploid cytotypes reflects their origin: autopolyploids of P. rhodopea reproduce sexually, while allopolyploid cytotypes of P. alpicola s.str. apomictically. We used allozymes to elucidate overall genetic variation within the group and to test their utility for taxon discrimination, assessment of polyploid origin and possible correlations with breeding systems. Variation of five allozyme systems encoded by eight polymorphic loci and 29 alleles was studied in 20 populations and 298 plants representing all taxa. Allozymes were proved to be only of limited usefulness for the taxonomic classification within the P. alpicola group. The Western Carpathian populations of P. ullepitschii formed the only genetically well-differentiated group. The same allele suite shared by all cytotypes of P. rhodopea and presence of both balanced and unbalanced heterozygotes in tetraploids was consistent with autopolyploid origins of polyploids and provided further evidence for a primary contact zone. An isolated relic population of P. rhodopea from the Southern Carpathians exhibited lowered values of genetic diversity when compared to the core area. Pronounced fixed heterozygosity was found in P. alpicola s.str., supporting its allopolyploid origin. In accordance with assumptions, genotypic variability was significantly higher in sexually reproducing diploid and diploid-polyploid taxa than in apomictic P. alpicola s.str.
Introduction
Members of the genus Pilosella Vaill. (syn. Hieracium subgenus Pilosella (Vaill.) Gray, Asteraceae, Lactuceae) are characterized by the presence of several ploidy levels in natural populations (2x-8x, based on x=9), diverse breeding systems (selfincompatibility, facultative/obligate apomixis, vegetative reproduction via stolons) and widespread interspecific hybridization (reviewed in Krahulcová et al. 2000) . The joint effect of these processes has led to a reticulate pattern of diversity reflected in contradictory taxonomic concepts (Nägeli and Peter 1885; Zahn 1922 Zahn -1930 Tyler 2001; Bräutigam and Greuter 2007) .
The Pilosella alpicola group encompasses four closely related, but morphologically distinct taxa distributed allopatrically (Šingliarová et al. 2011 ). Formerly, they were treated as subspecies of the Pilosella alpicola (Steud. & Hochst.) F.W. Schultz & Sch. Bip. (Zahn 1930) . A cytogeographical survey of the group (Šingliarová and Mráz 2009; Šingliarová et al. 2011 ) revealed a taxon-specific pattern. Pilosella alpicola s.str. is a tetra-and pentaploid species (2n=4x=36 and 5x=45) with an allopatric cytotype distribution in the Swiss and Italian Alps, respectively. The Carpathian endemics P. ullepitschii (Błocki) Szeląg and P. serbica (F.W. Schultz & Sch. Bip.) Szeląg from Serbia are exclusively diploid (2n=2x=18) and strictly self-incompatible (Šingliarová and Mráz 2009; Šingliarová et al. 2011) . Populations of the Balkan subendemic P. rhodopea (Griseb.) Szeląg are diploid, diploid-polyploid or consist of several polyploid cytotypes (2n=2x, 3x, 4x, 5x; Šingliarová and Mráz 2009; Šingliarová et al. 2011) .
Our previous biosystematic study confirmed the close relatedness of the four recognized species of the P. alpicola group and indicated an autopolyploid as well as an allopolyploid origin of the polyploids (Šingliarová et al. 2011) . Sexual reproduction has been proved in diploid-polyploid P. rhodopea, which, coupled with the absence of morphological and molecular (internal transcribed spacer) differentiation between cytotypes, suggests an autopolyploid origin of polyploids. On the contrary, an additive pattern of ITS polymorphism suggested hybridogeneous origin of polyploid P. alpicola s.str., putatively arising from P. rhodopea and Alpine P. glacialis (Reyn. ex Lachen.) F.W. Schultz & Sch. Bip. (= Hieracium angustifolium Hoppe). Moreover, an apomictic mode of reproduction was proved in this taxon (Šingliarová et al. 2011) . Although the ITS sequences provided valuable data on the 'rough' phylogenetic relationship of the P. alpicola group to the other members of the genus (Fehrer et al. 2007; Šingliarová et al. 2011) , as well as on the origin of polyploids (Šingliarová et al. 2011) , there is no information about genetic differentiation within this group, and consequences of breeding systems and origins of polyploids for standing genetic variation.
Allozymes have been proved useful for establishing relationships at low systematic levels (Gottlieb 1984) . As codominant markers, they can help elucidate origins of polyploids (Roose and Gottlieb 1976; Soltis and Rieseberg 1986; Soltis and Soltis 1989; Mahy et al. 2000; Rosquist and Prentice 2002; Crawford et al. 2006) or hybrids (Brochmann et al. 1992; Gauthier et al. 1998; Mráz et al. 2005 ) and indirectly estimate the breeding system within a population (Sipes and Wolf 1997; Sydes and Peakall 1998) . Allozymes are especially suitable for detection of differences in population genetic structure between sexual and apomictic taxa (Bayer and Crawford 1986; Hughes and Richards 1988; Yahara 1990; Bayer 1991; Noyes and Soltis 1996; Hörandl et al. 2000 Hörandl et al. , 2001 Hörandl and Greilhuber 2002; Kashin et al. 2005) due to different levels and patterns of heterozygosity and genotypic diversity. Allozymes have been used successfully also in several population genetic studies in the genus Pilosella Kashin et al. 2005; Peckert et al. 2005; Tyler 2005; Bruun et al. 2007; Krahulcová et al. 2009a ). In our previous paper, we used allozymes to compare the genetic diversity between the populations of P. ullepitschii from the core area (Western Carpathians) and isolated populations originated from Romanian Eastern and Southern Carpathians (Šingliarová et al. 2008 ).
The present study aimed to elucidate the amount and pattern of genetic variation within the Pilosella alpicola group using allozyme markers. The main objectives were to establish: i) the degree of genetic differentiation among four recognized species. Considering the clear morphological separation of species (Šingliarová et al. 2011) , we would expect a similar pattern using allozymes. ii) molecular evidence for auto-and allopolyploid origin of polyploids. Different criteria of genetic diversity are predicted for these two types of polyploids (Soltis and Soltis 2000; Ramsey and Schemske 2002) . In the case of autopolyploids (P. rhodopea), polysomic inheritance resulting in multiallelic loci and the presence of both balanced and unbalanced heterozygotes is expected. Allopolyploid P. alpicola s.str., however, should be characterized by disomic inheritance mirrored in fixed heterozygosity. The distinction can be, however, imperfect in many instances, as auto-and allopolyploidy represent only opposite ends of a wide spectrum of intergenome differentiation (Stebbins 1980; Soltis and Soltis 2000; Obbard et al. 2006) . iii) correlation between genetic diversity and breeding systems operating within the group. Breeding system was proved to crucially affect the patterns of genetic variation (Hamrick and Godt 1989; Karron 1991; Sun and Wong 2001) . In general, sexual taxa (diploid P. serbica and P. ullepitschii and diploid-polyploid P. rhodopea) are expected to be more variable than their apomictic counterpart polyploid P. alpicola s.str.
Material and Methods

Sampling
The Fig. 1 ). Eleven populations (166 plants) of P. ullepitschii were allozymatically studied by Šingliarová et al. (2008) , but only four systems (except LAP, see below) and six loci were scored. For the purposes of the present study we included these populations into the data set. Moreover, six plants of P. ullepitschii from population SMA were additionally analyzed for the first time. The number of plants analyzed per population ranged from 11 to 24 (Tables 1 and 2 ; Electronic Supplementary Material 1), except for population KOP (type locality of P. serbica) from which only four plants were studied because the remaining collected plants died during transport or in early stages of cultivation.
The ploidy level of all analyzed plants was assessed during a large-scale cytogeographical survey (Šingliarová et al. 2011) , and populations were assigned to particular species according to the results of multivariate morphometric analyses (Šingliarová et al. 2011) .
Electrophoresis
Young leaves were sampled from living cultivated plants and immediately used for allozyme extraction. Approximately 1 cm 2 (ca. 40 mg) of fresh leaf tissue was ground in an ice-cold extraction buffer following Kato (1987) : 0.1 M Tris-HCl (pH=8.0), 70 mM mercaptoethanol, 26 mM sodium metabisulphite, 11 mM L-ascorbic acid, 4% (w/v) soluble PVP-40, the pH adjusted after the addition of the ascorbate, with Dowex Cl (1-8X). Crude homogenates were centrifuged at 15,000 rpm for 10 min. Supernatants were stored at -75°C. Polyacrylamid gel electrophoresis (PAGE) was carried out using 8.16% separation polyacrylamid gel with the buffer 1.82 M Tris-HCl, pH 8.9; 4% stacking gel with the buffer (0.069 M Tris-HCl, pH 6.9) and electrode buffer (0.02 M Tris, 0.24 glycine, pH 8.3).
PAGE was initially performed on six isozyme systems of which five turned out to be polymorphic and interpretable; their abbreviations and EC numbers are in parentheses: shikimate dehydrogenase SKDH (monomeric, EC 1.1.1.25), phosphoglucomutase PGM (monomeric, EC 5.4.2.2.), 6-phosphogluconate dehydrogenase 6-PGDH (dimeric, EC 1.1.1.44), superoxide dismutase SOD (dimeric, EC 1.15.1.1), Fig. 1 Distribution of populations of the four species of the Pilosella alpicola group included in the present study and their cytotype composition. Species symbols: black circles -P. alpicola s.str., white circles with dot -P. rhodopea, black pentagons -P. ullepitschii, white triangle -P. serbica leucine aminopeptidase LAP (monomeric, EC 3.4.11.1). Dihydrolipoamiddehydrogenase DIA (EC 1.6.4.3) was not interpretable.
Systems 6-PGDH and PGM displayed two zones of activity, and the LAP system showed three, interpreted as two or three putative loci respectively (e.g., 6-Pgdh-1, 6-Pgdh-2, with '1' coding for the faster locus). Alleles were designated sequentially with the fastest one coded as 'a'.
In total, nine polymorphic loci representing five enzyme systems were scored. The fastest locus of LAP (Lap1) had a clear and interpretable pattern in all plants Abbreviations used: PL -ploidy level, N -sample size, P99 and P95 percentages of polymorphic loci, ΣA -sum of alleles, A -mean number of alleles per locus, H o -observed heterozygosity, H e -expected heterozygosity (calculated only for diploids and tetraploids), G/N -proportion of distinguishable genotypes, G uni -number of unique genotypes, D -genotype diversity.
from the Western Carpathians (P. ullepitschii), from the Alps (P. alpicola s.str.) and in 85% of P. rhodopea from the Balkans. Conversely, only a strong and consistent smear was observed in samples from the Eastern and Southern Carpathians (P. ullepitschii, P. rhodopea), Serbia (P. serbica) and in some polyploid plants from Bulgaria (P. rhodopea). This locus was therefore omitted, and only eight loci were subsequently used for evaluation of genetic diversity. Banding patterns of particular enzyme systems were interpreted with regard to their quaternary structure following Weeden and Wendel (1989) . No deviations from expected patterns have been observed. Despite the generally complicated genetic interpretation in polyploids Values of genetic parameters for enzyme systems SHDH, PGM, PGDH and SOD were previously published in Šingliarová et al. (2008) . (Gottlieb 1981; Weeden and Wendel 1989; Obbard et al. 2006) , the resolution of gels and staining intensity enable us to take relative band intensity into account.
Phenotypes were compared to banding patterns of related diploids and interpreted as corresponding to genotypes of different allelic dosages (see e.g., Arft and Ranker 1998; Hörandl et al. 2000; Hardy and Vekemans 2001) .
Genetic Analyses
To provide a measure of the level of genetic variation within populations of the Pilosella alpicola group, the following population genetics parameters were computed: Pproportion of polymorphic loci, where the frequency of the most common allele is less than or equal to 0.99 and 0.95 (including monomorphic loci with fixed heterozygotes), ΣA -sum of alleles, A -mean number of alleles per locus, H o -observed heterozygosity, H e -expected heterozygosity (computed for diploids and tetraploids only). The parameters were computed using POPGENE version 1.32 (Yeh et al. 1999) for diploids; for polyploids they were calculated by hand. Genotypic variation was estimated using standard parameters for clonal populations (Ellstrand and Roose 1987; Eckert and Barrett 1993) : number of genotypes (G), proportion of distinguishable genotypes (i.e., number of distinguishable genotypes to the number of samples, G/N) and number of unique genotypes (G uni ). Multilocus genotype diversity D (modified Simpson diversity index) was calculated as
where n i is the number of individuals of genotype i (Pielou 1969 ; but see also Noyes and Soltis 1996; Hörandl et al. 2000; Liston et al. 2003) . The D value ranges from 0 to 1, 0 meaning that all individuals represent the same multilocus genotype and 1 meaning that each individual has a unique multilocus genotype. All parameters were generated for i) each population, ii) each of the four species analyzed and iii) particular cytotypes of P. rhodopea. Wright's (1951) deficit or excess of heterozygotes (F IS ) in sexual populations (for diploid taxa and for diploids or tetraploids in P. rhodopea populations, where diploid or tetraploid plants prevailed) was calculated for each polymorphic locus and for overall loci as Weir and Cockerham's (1984) estimates using the FSTAT software (Goudet 1995) for diploids and by hand for tetraploids.
Hierarchical clustering (UPGMA), principal component (PCA) and principal coordinate analyses (PCoA) were performed to gain insight into the genetic relationships within the P. alpicola group. UPGMA was based on Nei's standard genetic distances calculated from allele frequencies (Nei 1972), PCA was based on allele frequencies, and PCoA was based on Jaccard's coefficient of dissimilarity computed from presence/ absence of alleles. Based on Nei's standard genetic distance, we computed genetic identity I ¼ 1= exp D a ð Þ ð Þ . Karyologically uniform populations and each ploidy level found in mixed-ploidy populations were either considered as separate OTUs (operational taxonomic units; PCA) or different ploidy levels from the same population were merged together (PCoA, UPGMA). Differences in genetic parameters (P95, P99, A, ∑A, H o , G and G/N) among three taxa (P. alpicola s.str., P. rhodopea and P. ullepitschii) were tested using the TukeyHSD post hoc comparison test. Because P. alpicola was represented by only two populations, we also performed separate twosample t-tests with Welch approximation to test for the difference between P. rhodopea and P. ullepitschii with a higher number of populations analyzed. Genetic parameters violating the normality assumption (assessed by Shapiro-Wilk test) were tested using non-parametric Wilcoxon (two species) or Kruskal-Wallis sum rank tests when comparing three species. The correlation between pairwise Nei genetic distances and geographical distances was inferred using Mantel test with 999 permutations. All analyses were performed using various functions implemented in the 'ade4' and 'adegenet' packages (Chessel et al. 2004; Jombart 2008) and basic 'stats' package within R environment (R Development Core Team 2009).
Results
Eight loci yielded a total of 29 alleles. The allele frequencies are shown in the Electronic Supplementary Material 1. Fifteen alleles were common to all taxa; however, they were not always present in all populations. Two alleles were shared by P. ullepitschii and P. rhodopea, two by P. ullepitschii and P. alpicola s.str., and one each by the P. alpicola s. str. and P. rhodopea pair, and P. rhodopea and P. serbica pair. Four alleles (Pgm2-c, 6Pgdh1-d, 6Pgdh2-b, 6Pgdh2-d) were unique to P. rhodopea, and one species-specific allele was detected in each of the diploid taxa P. ullepitschii (6Pgdh2-e) and P. serbica (Pgm1-c). Unique alleles were not evenly distributed in populations of particular species, but they were always found in plants of a single population (Electronic Supplementary Material 1). Only P. alpicola s.str. lacks any private alleles at either of the eight loci scored. However, if we included the Lap1 locus, which was absent in many individuals of other species (see Material and Methods), P. alpicola s.str. exhibited three unique alleles at this locus. Specifically, Lap1-a was moderately frequent in tetraploid plants from the Simplon Pass (SIM), and alleles Lap1-b and Lap1-c were present in all pentaploid plants studied from the Val de Duron valley (DUR).
In most of the plants, at most one or two alleles per locus were recorded. Only in five polyploid plants of P. rhodopea, all from the BOT population (representing 8% of all P. rhodopea polyploids), were found three alleles at the Pgm2 locus. Similarly, loci Lap1 and Lap2 in pentaploid P. alpicola s.str. (DUR) consistently possessed three alleles.
Within particular species, the highest genetic identity (I=0.944) was found between two P. alpicola s.str. populations (Table 3) . Slightly lower values of genetic identity were observed between P. rhodopea populations (mean = 0.894, ranging from 0.808 to 0.975). The lowest values (mean = 0.852) of the parameter along with the widest range (from 0.646 to 0.989) were detected between P. ullepitschii populations. As for the genetic identities between taxa, the highest values were observed between P. alpicola s. str. and P. rhodopea (from 0.809 to 0.965, mean = 0.903), while pair of taxa P. serbica and P. ullepitschii displays the lowest values (from 0.678 to 0.837, mean = 0.781). Remaining pairs of taxa show moderate values of genetic identity.
Cluster and ordination analyses based on allele frequencies (UPGMA, PCA) and presence/absence of alleles (PCoA) were fairly congruent. All analyses revealed clear separation of the Western Carpathian populations of P. ullepitschii from the rest (Figs. 2, 3 and 4, Table 3 ). In UPGMA (Fig. 2) , the populations of P. ullepitschii from the Western Carpathians were separated at the highest level of dissimilarity. The second cluster consisted of two sub-clusters. The first subcluster was formed by populations of P. ullepitschii from the Eastern Carpathians (NMA, SMA) and P.
rhodopea from the Southern Carpathians (COZ), indicating a rather geographical grouping. The second subcluster contained a mixture of P. alpicola s.str., P. rhodopea, P. serbica and P. ullepitschii populations from the Southern Carpathians (BUC).
In the ordination analyses (Figs. 3 and 4) , only populations of the Western Carpathian P. ullepitschii (PCA, PCoA) and population of P. serbica (KOP) (PCA) can be distinguished, while the Romanian populations of P. ullepitschii were only slightly differentiated (PCoA) or intermingled (PCA) with the populations of P. alpicola s.str., P. rhodopea and P. serbica.
There was no significant association between Nei's genetic distances and geographical distances (Mantel test, r=0.152, P=0.064). However, when two P. alpicola s.str. populations were removed from the analysis, the correlation was highly significant (Mantel test, r=0.657, P<0.001; Fig. 5) .
Genetic diversity values at both species and population level are given in Table 2 . The highest values for most of genetic diversity parameters (P99, P95, A, ΣA) were found in diploid P. serbica; however, the small sample size (four plants) could significantly bias the values. Therefore, the values of genetic parameters for this species are given in all tables but they are not further discussed. Mean genetic diversity estimates per population and species of P. rhodopea were slightly higher (P99=70.8, P95=62.5, ΣA=25, A=2) than those of P. alpicola s.str. (P99=75, P95=56.3, ΣA=18, A=2) and P. ullepitschii (P99=57.3, P95=56.5, ΣA=22, A=1.72). Values of observed heterozygosity (H o ) averaged per population were similar in P. ullepitschii (0.232) and P. rhodopea (0.294), while those observed in P. alpicola s.str. were approximately two fold higher (0.53). Similarly, the highest levels of expected heterozygosity (H e ) was recorded in tetraploid populations of P. alpicola s.str. (H e =0.540) and P. rhodopea (H e = 0.571 and 0.419), while values observed in diploid populations were considerably lower − P. ullepitschii (H e =0.263), P. serbica (H e =0.371), P. rhodopea (H e =0.212 and 0.349). In P. rhodopea, H o and H e of particular populations increased from pure diploid (COZ, H o =0.205, H e =0.212) through diploid-polyploid (BOT, H o = 0.301, H e for tetraploids = 0.419 and DOD, H o =0.330, H e of diploids = 0.349) to polyploid populations (BEZ, H o =0.344 and MUS, H o =0.491, H e of tetraploids = 0.571). The only exception was polyploid population VICH (3x+4x) with the lowest proportion of heterozygotes among all analyzed populations (H o =0.108). In sexual taxa (P. ullepitschii, P. serbica and all cytotypes of P. rhodopea), values of observed heterozygosity averaged for particular loci covered a whole spectrum between zero and one ( Table 4) . On the contrary, mean observed heterozygosity for particular loci in apomictic P. alpicola s.str. was equal or close to zero (homozygous) or one (heterozygous, see Table 4 ). No significant differences in parameters P95, P99, A, ∑A, H o , G and G/N were found among tested taxa (TukeyHDS test when comparing P. alpicola s.str., P. rhodopea and P. ullepitschii; or two-sample t-test, when comparing P. rhodopea and P. ullepitschii; results not shown).
The most striking difference between sexual taxa (P. ullepitschii, P. rhodopea) and apomictic P. alpicola s.str. was found in genotypic variability (G, G/N and D, see Table 2 ). P. alpicola str. showed significantly reduced clonal variation when compared to both sexual taxa (G: TukeyHSD test, P<0.05 for both comparisons; G/N: Kruskal-Wallis test, P=0.064; D: Kruskal-Wallis test, P=0.048).
Pooled values of genetic and genotypic diversity for particular cytotypes of P. rhodopea (Table 5 ) revealed that both genetic diversity (D) and genotypic variation Inbreeding coefficients calculated for sexual taxa (Table 6 ) markedly varied among loci and populations of particular taxa. Except P. serbica, populations of all taxa displayed both excess and deficit of heterozygotes of rather moderate character.
Discussion
Correspondence between Allozyme and Morphological Differentiation
Although many studies showed allozymes to be useful taxonomic marker (e.g., Samuel et al. 1990; Bayer 1991; Hörandl 2004; Ruiz et al. 2004 ), our allozymic results were rather incongruent with previously detected morphological variation of the Pilosella alpicola group (Šingliarová et al. 2011) . We propose two nonexclusive explanations for the low resolution of allozymes in the P. alpicola group: i) the group has diversified quite recently and the morphologically well differentiated taxa had insufficient time to accumulate taxon-specific mutations at the protein level. The low number of taxon-specific alleles detected in the present study supports this hypothesis. Furthermore, no parsimoniously informative ITS site was found in 21 sequenced accessions and this supports a very recent origin of the P. alpicola member species (Šingliarová et al. 2011 ). In such a situation, low allozymic variation and high level of shared ancestral polymorphism is not surprising. ii) As suggested by Tyler (2005) , frequent interspecific hybridization observed in the genus Fig. 3 Principal component analysis (PCA) of populations of the Pilosella alpicola group based on allelic frequencies of karyologically uniform populations and particular cytotypes from ploidy-mixed populations. Pilosella alpicola s.str. (N=2, black circles), P. rhodopea (N= 12, circles with dot), P. serbica (N=1, open triangle), P. ullepitschii (N=11, black pentagons) as OTUs. For population codes see Table 1 Fig. 4 Principal coordinates analysis (PCoA) of populations of the Pilosella alpicola group based on Jaccard's coefficient of dissimilarity. Pilosella alpicola s.str. (N=2, black circles), P. rhodopea (N=6, white circles with dot), P. serbica (N=1, open triangle), P. ullepitschii (N=11, black pentagons) as OTUs. For population codes see Table 1 Pilosella could potentially blur genetic differentiation between species. Indeed, we observed some interspecific hybrids between the members of the P. alpicola group and other Pilosella species, but they were less frequent when compared to the lowland taxa. In addition to their intermediate morphology, these interspecific hybrids showed an additive pattern of ITS polymorphism corroborating their hybrid origin (Šingliarová and Mráz, unpubl.) . However, no such ITS pattern, neither conspicuous morphology (indicating hybrid origin), nor introgression were recorded in the P. alpicola plants included in our study. Based on this, interspecific hybridization seems not to be a primary reason of weak allozymic differentiation of the P. alpicola group. Fig. 5 Correlations between pairwise genetic distances (according to Nei 1972) among populations of the Pilosella alpicola group and their pairwise geographical distances. Regression line including all populations is represented by the full line, while the dashed line shows the correlation after removing two P. alpicola s.str. populations. Black dots denote pairwise comparisons between populations of P. ullepitschii, P. serbica and P. rhodopea, while gray dots denote comparisons between populations of P. alpicola s.str. and populations of three remaining taxa The Western Carpathian populations of P. ullepitschii formed the only welldifferentiated group, while the Romanian populations of P. ullepitschii were clustered with the populations of P. alpicola s.str. from the Alps and P. rhodopea from the Balkan Peninsula (Figs. 2, 3 and 4) . Such pattern could result from longer geographical separation of the Western Carpathian populations from the remaining populations. Indeed, several phylogeographic studies of high mountain plants confirmed the existence of a strong genetic barrier between the Western Carpathians and Southeastern Carpathians (e.g., Mráz et al. 2007; Ronikier et al. 2008; Těšitel et al. 2009 ). Alternatively, such separation could be caused by other processes such as genetic drift due to population size reduction or recent founder event(s) of isolated Romanian populations (cf. Šingliarová et al. 2008) .
Genetic relatedness of the Romanian P. ullepitschii and P. rhodopea populations could be tentatively explained by recent contact of both taxa in this area. Although extremely rare and allopatrically distributed, both taxa are still present in the Southern Carpathians (see above). Indeed, the distributional and genetic pattern of many mountain species suggested biogeographical connections between the Bulgarian mountains and the Southern Carpathians (Reed et al. 2004; Puşcaş et al. 2008; Varga and Schmitt 2008; Schmitt 2009 ). It has been demonstrated that, despite the assumed selective neutrality of allozyme markers (e.g., Kimura 1968), environmental factors (temperature, humidity) can promote a shift in allele frequencies in populations through directional selection mechanisms (Koehn and Hilbish 1987; Karl and Avise 1992; Prentice et al. 2000; Karl et al. 2009 ). Thus, more similar environmental conditions between the southeastern Carpathians and the Balkans might be another reason of grouping of southeastern Carpathian P. ullepitschii and P. rhodopea populations.
The intermingled position of P. alpicola s.str. populations within populations of other species (Figs. 2 and 3 ) might be surprising considering the geographical distance, striking morphological differences and allopolyploid origin (Šingliarová et al. 2011 ). The grouping with P. rhodopea populations can nonetheless be explained because this species was suggested to be one of the putative parental species of the allopolyploid P. alpicola s.str. (Šingliarová et al. 2011) . A different level of genomic dosage of both putative parental taxa, with putatively greater influence of P. rhodopea (P. alpicola str. is morphologically more similar to P. rhodopea than to P. glacialis), could have shaped the allozyme pattern of P. alpicola N -sample size, P99 and P95 percentages of polymorphic loci, ∑A -sum of alleles, A -mean number of alleles per locus, H o -observed heterozygosity, G -number of genotypes, G/N -proportion of distinguishable genotypes. s.str. In spite of its hybrid origin, no unique alleles were found in P. alpicola s.str. in eight loci that were interpretable for all taxa and regions. If the three unique alleles in the Lap1 locus, however, had been included in the analyses, they would have contributed to better separation of P. alpicola s.str. from the Balkan populations. Moreover, different alleles recorded in two subareas (Lap1-a in the tetraploids from SIM and Lap1-b and c in the pentaploids from DUR) indicate a polytopic origin of allopatric cytotypes.
Allozyme Variation in Diploid-Polyploid Pilosella rhodopea
Allozyme variation ascertained for diploid-polyploid P. rhodopea in the present study is consistent with the hypothesis of an autopolyploid origin (Šingliarová et al. 2011) . All cytotypes possessed almost identical suites of alleles (Electronic Supplementary Material 1) . The only two unique alleles in P. rhodopea missing in diploids (6Pgdh2-b, 6Pgdh2-d) were present in one triploid plant from the BEZ population, where we found only 3x and 4x plants (Šingliarová et al. 2011) .
Considering that also diploids were previously detected from the same locality by Krahulcová et al. (2009b) , these unique alleles could be a part of common allele suite of unsampled diploids. The third unique allele found in P. rhodopea (Pgm2-c) was frequent in all cytotypes at the BOT locality (2x, 3x, 4x), the only population from the Stara planina Mts analyzed. Because all cytotypes shared this unique allele, we consider it evidence of in situ origin of polyploid cytotypes. Alternatively, the triploid and tetraploid cytotypes might still be later immigrants to the already established diploid population and could have acquired this allele through frequent intercytotype gene-flow. Independent autopolyploid origin of polyploids within diploid populations is supported also by previously established commonness of mixed ploidy populations (75%) and absence of morphological and ITS differentiation (Šingliarová et al. 2011) . While there are numerous examples of secondary contact zones of previously allopatric cytotypes (e.g., Thompson and Lumaret 1992; Hardy et al. 2000; Husband and Sabara 2004; Schlaepfer et al. 2008; Kolář et al. 2009 ), evidence for primary contact zones is still quite sparse (Soltis and Soltis 1989; Weiss et al. 2002; Kolář et al. 2009; Trávníček et al. 2011) .
Observed heterozygosity in polyploids of P. rhodopea is in agreement with the expectation that polyploids exhibit higher heterozygosity when compared to diploid relatives (Soltis and Rieseberg 1986; Soltis 1989, 1993 (Table 4) , and there is no evidence for fixed heterozygozity. These findings indicate polysomic inheritance and thus an autopolyploid origin of P. rhodopea polyploids (Soltis and Soltis 1993) . Conversely, estimates of genetic diversity (P, A) are lower for polyploids of P. rhodopea when compared to the diploids.
Although the polyploid state allows for the presence of three or more alleles at a single locus (Soltis and Rieseberg 1986; Soltis and Soltis 1989; Mahy et al. 2000) , more than two alleles per locus was recorded only in small portion of P. rhodopea polyploids (8%) when compared to other autopolyploids (e.g., 37% for Thymus loscosii, López-Pujol et al. 2004) . Nevertheless, similar values were also reported in the literature (e.g., 12% for Vaccinium oxycoccos, Mahy et al. 2000) .
Significant loss of genetic diversity was found in isolated Romanian populations of P. ullepitschii (Šingliarová et al. 2008) . Because of secondarily formed habitats, we assumed that these populations experienced a strong bottleneck probably due to a founder effect mediated by human activities. A similar pattern was found in the remote diploid P. rhodopea population in the Cozia Mts (Southern Carpathians). When compared with diploids from the main range in the Balkans (DOD population), COZ population displayed markedly lower values in all genetic parameters ( Table 2) . Considering relic habitat of P. rhodopea in the Cozia Mts (crevices in steep rock cliffs) and presence of several endemic and relic taxa (Nyárády 1955; Popescu et al. 1970) , long-term vicariance scenario with genetic depauperation of small isolated population appears the most plausible.
Allozyme Variation in Allopolyploid Pilosella alpicola s.str.
Contrary to the previous assumption of a combination of two divergent genomes (Šingliarová et al. 2011) , allozyme phenotypes of exclusively polyploid P. alpicola s. str. lacked unique alleles in eight shared loci. Three unique alleles, however, were found at the locus Lap1, which has not been scorable for all analyzed plants of the P. alpicola group (see Material and Methods). These unique alleles could originate from the second parental taxon -P. glacialis; unfortunately this species has not been included in the analyses. Nevertheless, the pronounced fixed heterozygosity observed at several loci (three for tetraploids and four for pentaploids, see Table 4 and Electronic Supplementary Material 1) is convincing evidence of allopolyploid origin of the species. The values of observed heterozygosity of P. alpicola s.str. at individual loci were either close to zero or close to one, as usual in allopolyploids with disomic inheritance (Roose and Gottlieb 1976; Soltis and Soltis 1990; Arft and Ranker 1998) .
Allozyme Variation and Mode of Reproduction
The patterns of allozyme variation within the Pilosella alpicola group agree with the mode of reproduction detected by Šingliarová and Mráz (2009) and Šingliarová et al. (2011) . The populations of sexually reproducing species were genetically more variable than apomictic populations of P. alpicola s.str. (Table 2) .
Despite significant loss of genetic diversity in isolated Romanian populations of P. ullepitschii ( Table 2, and Šingliarová et al. 2008) , mean genetic variation found in diploid P. ullepitschii was even higher than average values published for other sexual plants (P and A, Hamrick and Godt 1989) . Values of averaged observed heterozygosity were similar or slightly exceeding those in other diploid sexual taxa (Tolmiea, Soltis and Rieseberg 1986; Taraxacum, Hughes and Richards 1988; Lotus, Gauthier et al. 1998; Hemerocallis, Kang and Chung 2000; Ranunculus, Hörandl et al. 2000) . However, even higher values are known for sexual diploid taxa from apomictic complexes (e.g., Kashin et al. 2005 for Taraxacum and Pilosella; Hoebee et al. 2006 for Sorbus). Multilocus genotypic measures (G/N and D, Table 2 ) reached values close to maximum, which fits well the assumption for self-incompatible species (Ellstrand and Roose 1987) .
Diploid and diploid-polyploid populations of sexual P. rhodopea (COZ, DOD, BOT) displayed genotypic diversity comparable to diploid P. ullepitschii. Decreased genotype variability, however, was found in polyploid populations (BEZ, VICH, MUS) . Though the lower values of G/N for the MUS population were mainly due to genotypically uniform pentaploids, in two populations from the Pirin Mts, they were apparently caused by higher clonality of triploids (Tables 2 and 5) . The triploid cytotype, not frequent in the genus Pilosella (Schuhwerk 1996 and references therein), predominates in most mixed-ploidy populations of P. rhodopea (Šingliarová et al. 2011) . A similar shift of proportion of cytotypes in the field in favour of triploids was observed also in Pilosella echioides (Peckert and Chrtek 2006; Trávníček et al. 2011 ). All populations with decreased genotype variability were formed only by polyploids (Šingliarová et al. 2011 and this study). We therefore hypothesize that these populations could have been founded by a small number of polyploid plants representing only a fraction of variability present in the source population(s). Moreover, the significantly decreased value of mean observed heterozygosity in the VICH population indicated a higher level of inbreeding. According to G/N values, vegetative reproduction could also play a role in the success of triploids. However, we did not observe increased formation of accessory rosettes in triploids, which could form independent ramets (Šingliarová, unpubl.) . Alternatively, it cannot be ruled out that lower genotypic diversity may be a result of apomixis, but no asexually formed seeds were detected in polyploids of P. rhodopea so far (Šingliarová et al. 2011) .
Averaged values of genotypic diversity (G/N, D) of apomictic P. alpicola s.str. (G/N=0.292, D=0.467, Table 2 When considering two P. alpicola s.str. populations separately, the tetraploid population (SIM) showed a lower value of genotypic diversity when compared to the other taxa (see above) but much higher when compared to the pentaploid DUR population, where only two multilocus genotypes were detected. This might indicate relatively frequent sexual recombination and thus facultative character of apomixis in tetraploids. Indeed, facultative apomixis is quite common in polyploid Pilosella taxa, especially with even ploidies, whereas it is more obligate in odd-ploid Pilosella including pentaploids (Koltunow et al. 1998; Krahulcová et al. 2000 Krahulcová et al. , 2004 Krahulec et al. 2004; Fehrer et al. 2005 ; for rare exceptions see Pogan and Wcisło 1995; Rotreklová et al. 2002) .
Conclusion
Our study showed that genetic differentiation among morphologically well-defined species of the P. alpicola group inferred by allozymes was rather low. We assume that recent diversification of the group shaped this pattern and more discriminative markers should be used in the future to achieve possibly better taxonomic separation. The type of polyploidy (auto-vs allo-) and reproduction modes, however, were proved to have significant impact on genetic and genotypic diversity observed in particular taxa. Close genetic relatedness of cytotypes found in ploidy-mixed populations of the P. rhodopea suggests the existence of primary contact zones of diploid and polyploid cytotypes. In this light, the P. rhodopea populations represent a promising system to explore evolutionary processes involved in coexistence of conspecific cytotypes.
